A survey was conducted to identify reservoirs for urban leptospirosis in the city of Salvador, Brazil. Sampling protocols were performed in the vicinity of households of severe leptospirosis cases identified during active hospital-based surveillance. Among a total of 142 captured Rattus norvegicus (Norwegian brown rat), 80.3% had a positive culture isolate from urine or kidney specimens and 68.1% had a positive serum sample by microscopic agglutination test (MAT) titre of ≥1:100. Monoclonal antibody-based typing of isolates identified that the agent carried by rats was L. interrogans serovar Copenhageni, which was the same serovar isolated from patients during hospital-based surveillance. Leptospira spp. were not isolated from 8 captured Didelphis marsupialis (Opossum), while 5/7 had a positive MAT titre against a saprophytic serogroup. R. rattus were not captured during the survey. The study findings indicate that the brown rat is a major rodent reservoir for leptospirosis in this urban setting. Furthermore, the high carriage rates of L. interrogans serovar Copenhageni in captured rats suggest that there is a significant degree of environmental contamination with this agent in the household environment of high risk areas, which in turn is a cause of transmission during urban epidemics.
Introduction
Leptospirosis is one of the most widespread zoonoses and is caused by infection with pathogenic spirochetes of the Leptospira genus (Levett, 2001) . Human patients usually present *Corresponding author: Fundação Oswaldo Cruz, Rua Waldemar Falcão, 121, Candeal, Salvador, Bahia, Brazil. Tel: +55 71 3176 2200; Fax: +55 71 3176 2326. E-mail: miter@bahia.fiocruz.br. b Current address: Embrapa Amazônia Oriental. Trav. Enéas Pinheiro S/N, CEP 66095-100, Belém-PA, Brazil, email: tucun@cpatu.embrapa.br with a non-specific self-limiting febrile illness; however, 5-10% of cases develop severe forms of the disease such as Weil's disease (which is characterized by jaundice, acute renal failure, hemorrhagic diathesis) and severe pulmonary hemorrhagic syndrome (SPHS). Case fatality from Weil's disease and SPHS is >10% to 74%, respectively (McBride et al., 2005; Gouveia et al., 2008) .
Urban outbreaks of severe leptospirosis occur annually in Brazil and are mainly associated with intense periods of high rainfall and poor living conditions (Ko et al., 1999; Romero et al., 2003; Tassinari et al., 2008) . The predominant infecting serovar among patients with severe leptospirosis is L. interrogans serovar Copenhageni (Ko et al., 1999; Pereira et al., 2000; Barocchi et al., 2001; Romero et al., 2003) . Serovar Copenhageni is frequently associated with rodents belonging to Rattus spp. (Tamai et al., 1988; Vinetz et al., 1996; Levett et al., 1998; Faine et al., 1999) . In Brazil the brown rat (Rattus norvegicus) was implicated as a carrier of serovar Copenhageni strains in several reports (Pereira et al., 1988; Ko et al., 1999; Barocchi et al., 2001) . Furthermore, a case-control study in the city of Salvador identified open sewers and sighting rats in the household environment as risk factors for severe disease (Sarkar et al., 2002) . A previous survey of Leptospira carriage among rats in the city of Salvador in 1954 reported a carriage rate of 29% (Andrade et al., 1954) . Over the last twelve years, studies of rodent infection in the vicinity of index cases have associated rats with human infection in both rural (Johnson et al., 2004; Ganoza et al., 2006) and urban settings (Vinetz et al., 1996; Pezzella et al., 2004; Jansen et al., 2005) .
The objective of this study was to identify animals with habitats close to the homes of severe leptospirosis patients and to determine the Leptospira carrier status in captured animals. Previous studies have often relied on the use of microscopic agglutination test (MAT) to determine leptospiral prevalence and the true carriage rate may be underestimated. There are a limited number of studies on rodent carrier state using potentially more sensitive PCR assays (Vinetz et al., 1996; Sunbul et al., 2001; Pezzella et al., 2004; Priya et al., 2007) . Therefore, we conducted an investigation using culture isolation, MAT, and PCR protocols to detect carriage in trapped animals.
Materials and Methods

Identification and definition of human cases
Patients were identified during active hospital-based surveillance in the city of Salvador, Brazil, in 1998, according to previously published protocols (Ko et al., 1999; Sarkar et al., 2002) . Laboratory case confirmation was based on the criteria of a fourfold or more rise in reciprocal MAT titres or seroconversion between acute and convalescent paired serum samples or a single serum sample with a MAT titre of >800. Reservoir sampling was performed at the site of households of laboratory-confirmed cases of leptospirosis.
Capture protocol
Animals were trapped near the households of 10 leptospirosis patients that were situated in 10 urban slum communities in Salvador. Additional trapping sessions were performed in two neighbourhoods where there were no reported cases of leptospirosis. Trapping commenced one week to three months after leptospirosis was diagnosed in the patients included in the study and was performed between to 24 h periods. Over the course of the study, 109 capture sessions were carried out in 12 different neighbourhoods. Captured animals were transported to the Fiocruz animal facility where they were housed and given food and water ad libitum prior to euthanasia. The ethics committee of the Oswaldo Cruz Foundation (CEUA) approved the protocols used in this study.
Sample collection
Animals were identified by genus, species, and gender based on phenotypic characteristics (ears, body, tail, fur colour and sex). The rats were identified as R. norvegicus based on the following physical characteristics: a grey-brown coat with lighter coloured underparts and a tail shorter than the combined head and body length. Adults were defined as 18-26cm in body length, weighing 400-600g. Biological samples were obtained 5 to 24 hours following capture, and animals were anaesthetized with ether and ketamine. Blood samples were collected by cardiac puncture while direct puncture of the bladder was performed under aseptic conditions for urine collection (0.2-0.7 ml). One kidney from each animal was removed for culture isolation.
Culture isolation
Four tubes containing 5 ml of liquid Ellinghausen-McCullough-Johnson-Harris (EMJH) medium (Difco, USA) were inoculated with four drops of urine. In addition, one kidney from each rat was removed, macerated, and inoculated into 5 ml of liquid medium (Faine, 1982) . Tissue debris was allowed to sediment for 30 min then 0.5 ml of debris-free medium was used to inoculate four tubes of liquid medium. Cultures were incubated at 28.4°C and evaluated weekly by darkfield microscopy for up to two months. Isolates were sent to the National Reference Laboratory (Oswaldo Cruz Foundation, Rio de Janeiro, Brazil) where they were typed to serovar level by the monoclonal antibody typing method (Collares- Pereira et al., 2000; Sehgal et al., 2000) with an antibody panel provided by the Royal Tropical Institute (KIT), Holland.
Microscopic agglutination test
MAT was performed as previously described (Faine, 1982) , using a reference battery of 29 serovars comprising 18 pathogenic and two non-pathogenic serogroups from seven Leptospira spp. The serogroups used as live antigens were Australis, Autumnalis, Ballum, Bataviae, Canicola, Celledoni, Cynopteri, Djasiman, Grippotyphosa, Icterohaemorrhagiae, Hebdomadis, Javanica, Panama, Pomona, Pyrogenes, Sejroe, Tarassovi, Shermani, Andamana and Semaranga. Serum samples were considered positive at a reciprocal titre of ≥100.
PCR detection of Leptospira genomic DNA
Within two hours of collection, all urine samples were centrifuged at 14,000 rpm for 15 minutes at 4°C with the pellet being washed in Phosphate Buffered Saline (PBS) followed by a repeat centrifugation. This washing method was necessary to remove particulate matter in the urine that complicates PCR analysis. Urine samples collected from 20 uninfected Wistar rats were used as negative controls. In order to liberate the leptospiral DNA, all samples were boiled for 15min. at 100°C. All samples were stored at −70°C until the PCR reaction was performed. PCR detection of leptospiral genomic DNA was based on two previously described techniques (Merien et al., 1992; Gravekamp et al., 1993) . PCR using the A/B primer pair amplifies an expected product of 331 bp (Merien et al., 1992) . The G1/G2 primer pair amplifies a 285 bp product from all Leptospira spp. except L. kirschneri, which requires primer pair B64I/B64II (563 bp product) (Gravekamp et al., 1993) . The detection limits of the A/B and G1/G2 primer pairs were determined using L. interrogans serovar Copenhageni strain Fiocruz L1-130 grown in vitro and diluted in PBS or urine from Wistar rats. The leptospires where counted in a Petroff Hauser counting chamber as previously described (Faine et al., 1999 ) and a dilution series from 10 4 to 10 0 leptospires was used to spike the PBS or urine. Briefly, the PCR was performed using PCR mix (Life Technologies, Gibco, Grand Island NY, USA) and the relevant primer pairs under the following conditions. The A/B primer PCR conditions consisted of 1 cycle for 3 min at 94°C followed by 35 cycles of 1 min at 94°C, 1.5 min at 63°C, 2 min at 72°C, with a final elongation step of 10 min at 72°C. The PCR program for the G1/G2 and B64I/II primer sets consisted of 1 cycle for 3 min at 94°C followed by 30 cycles of 1.5 min at 94°C, 1 min at 55°C, 2 min at 72°C, with a final elongation step of 10 min at 72°C. PCR products were analysed by horizontal agarose gel electrophoresis and visualized by staining with ethidium bromide.
Statistical analysis
Calculations of statistical significance between groups were made by comparing proportions using the Chi-square test. Concordance between culture isolation, MAT, and PCR methods was calculated using Cohen's unweighted Kappa correlation. The Epi Info 6.0 software (Centers for Disease Control and Prevention, Atlanta, USA) was used to perform the calculations.
Results
Active hospital-based surveillance identified 103 cases during the study period. Of them, we randomly selected ten domiciles of patients (cases) from 10 different neighbourhoods. During 109 capture sessions over a period of ten months, a total of 142 R. norvegicus and 8 D. marsupialis were captured. The average number of captured rats was 1.3 animals per capture session. Trapping sessions in control neighbourhoods did not yield captured animals, therefore the protocol was discontinued after six weeks.
Of the rats captured, 80.3% (114/142) were culture positive (Table 1) . Adult male rats exhibited significantly greater renal colonization, 79.0% (49/62), compared to juveniles, 35.7% (5/14, p-value < 0.01), while carriage rates were similar among female rats, regardless of age. Serotyping of the isolates using monoclonal antibodies identified the infecting serovar as Copenhageni for all isolates tested (n = 59). None of the captured opossums were culture positive for Leptospira spp.
Of the 7 opossum serum samples tested by MAT, 71.4% (5/7) had agglutinating antibodies against serogroup Semaranga. Of the 116 rat serum samples tested, 68.1% (n = 79) were MAT positive. MAT highest titers were observed against serogroups Icterohaemorrhagiae (n = 75), Canicola (n = 1), and Djasiman (n = 3). Monoclonal antibody typing of one isolate from a rat with highest titer against serogroup Djasiman identified the infecting agent as serovar Copenhageni. Prevalence based on the MAT results, although higher in adult rats (69.4%), was not significantly different to that seen in juvenile rats (58.8%, Table 1 ). In addition, there were no significant differences in the proportions of infected male or female rats, regardless of age. When comparing the methods used in this study using Cohen's unweighted Kappa correlation we found that there was only low agreement between culture isolation and MAT (Kappa = 0.29).
The detection limit for PCR in PBS was determined to be 10 leptospires for the A/B primer set compared to 100 leptospires in Wistar rat urine. The G1/G2 primer pair was sensitive down to one leptospire in both PBS and urine. The detection limit for the B64I/II primer set was not determined. Urine samples from 20 uninfected laboratory Wistar rats were all negative.
None of the samples collected from captured opossums were positive by any of the PCR assays used in this study. In culture positive animals, the sensitivity for each of the primer sets was 90% (47/52) for A/B primers and 79% (41/52) for G1/G2 primers. The overall PCR sensitivity (A/B and G1/G2 primers combined) was 48/52 (92%). One of 10 captured rats with negative cultures had a positive reaction for A/B primers. Thus, kappa coefficient of agreement between PCR (A/B and G1/G2) was 0.39. An example of PCR products in urban rats is provided in figure 1 . The L. kirschneri specific B64I/II primer pair amplified a product in 11.1% (3/27) of rat urine samples; however, in two cases, amplification was also obtained for both A/B and G1/G2. Therefore, we cannot exclude a false positive B64I/II primer pair amplification in cases of other Leptospira spp. infection. In the remaining case in which there was only amplification for L. kirschneri specific prime pair, culture isolation proved negative as did the MAT, even though two L. kirschneri serovars were included in the MAT battery. Analysis of the Merien and Gravekamp PCR methods demonstrated that there was moderate agreement between the two protocols (Kappa = 0.52).
Discussion
Of the rats captured in the peridomicillary regions of severe leptospirosis patients, >80% were infected with Leptospira spp., while in neighbourhoods where there were no recorded human cases we failed to capture any animals. These later regions were notable for the higher socioeconomic status of the residents. Both rodent control and the infrastructure of the sewage system were observed to be of a higher standard in these areas and may explain the failure to trap any animals. Compared to other surveys where carriage rates ranged from 4 to 59% when based on culture isolation (Thiermann, 1977; Carter and Cordes, 1980; Hathaway and Blackmore, 1980; Pereira and Andrade, 1988; Taylor et al., 1991; Webster et al., 1995; Levett et al., 1998; Vado-Solis et al., 2002; Sharma et al., 2003; Vanasco et al., 2003; Priya et al., 2007) , our results detected a much higher proportion (>80%) of leptospiral carriage among captured rats. In a survey carried out over 50 years ago in the city of Salvador, the carriage rate in rats was reported to be 29% by silver impregnation of kidney samples (Andrade and Oliveira, 1954) . It is important to note that different methods were used for trapping and for determining the presence of leptospires. Therefore, it is difficult to draw firm conclusions as to whether or not the leptospiral carriage rate among rats in Salvador increased in parallel with the uncontrolled growth of urban slum (favela) populations over the same period (Ko et al., 1999; Riley et al., 2007) . The differences observed could be due to study design and the detection strategies employed. Using multiple culture tubes and direct collection of urine by bladder puncture under aseptic conditions probably prevented a high level of contamination in the present work, which is a major problem that reduces the sensitivity of culture methods.
Rodents are generally regarded as one of the most important transmission sources of leptospirosis (Faine et al., 1999) . R. norvegicus, a predominantly urban dwelling rat found in close proximity to humans, is regarded as the one of the main reservoirs for serovar Copenhageni worldwide (Faine et al., 1999) , and has largely replaced R. rattus as the dominant rat in urban settings due to its more aggressive behaviour. In the current study, R. norvegicus was the only rat species captured, and R. rattus represented only 0.9% (2/229) of the rats trapped in the previous study, with the remainder identified as R. norvegicus (Andrade and Oliveira, 1954) . With respect to leptospiral carriage among rats, we showed that adult males were significantly more likely to harbour pathogenic leptospires compared to juveniles (Table 1) , as was reported in other studies (Thiermann, 1977; Carter and Cordes, 1980; Vanasco et al., 2003) . Carter and Cordes (1980) observed that mature urban Rattus rattus are 4 times more likely to carry leptospires than immature R. rattus. This may be explained by short duration of maternal passive immunity. We do not have an explanation on why this was not observed in females.
The marsupial D. marsupialis is commonly found in urban tropical areas but its role as a leptospiral reservoir is unclear. In the present study, some (5/7) opossums had detectable agglutinating antibodies against leptospires with the highest reciprocal titres for serogroup Semaranga. This serogroup is comprised mainly of non-pathogenic strains; however, seroreactivity for this serogroup may indicate that other pathogenic serogroups should be included in the MAT reference battery. Marsupials have been reported to harbour serovars such as L. kirschneri serovar Grippotyphosa (Bharti et al., 2003) , which was detected by PCR in a few rats in the present study. The three positive L. kirschneri-specific primer pair PCR products were obtained from a rat with negative MAT and culture, and two rats with positive G1/G2 (non L. kirschneri) primers. Our small sampling of opposums showed no PCR detection of L. kirshneri, nor is there any evidence of these serovars reported in severe leptospirosis patients from Salvador (Ko et al., 1999; Barocchi et al., 2001) . Still, since hospital-based active surveillance is based on identification of severe cases, we cannot exclude the possibility that L. kirschneri and/or serovar Grippotyphosa are associated with milder forms of leptospirosis in Salvador.
The culture and MAT protocols used in this study were in accordance with WHO guidelines (W.H.O., 2003) and are considered sufficient for the identification of leptospirosis reservoirs (Faine et al., 1999) . The methods are, however, labour intensive and require reference laboratory facilities. Furthermore, natural reservoirs may have undetectable levels of agglutinating antibodies (Vinetz et al., 1996; Sunbul et al., 2001; Priya et al., 2007) . This was reflected in the present work as MAT was positive in only 74.5% (73/98) of sera collected from culture positive rats.
In this study, we were able to detect leptospiral DNA in 92% of culture positive rats tested using the A/B and G1/G2 primer pairs, confirming the suitability of PCR as a tool in epidemiology and in the identification of reservoir hosts. The sensitivity for each of the primer sets was 90% (47/52) for A/B primers and 79% (41/52) for G1/G2 primers. We do not have a clear explanation for this discrepancy since G1/G2 primers have indeed a lower detection limit under laboratory conditions. We can only speculate that other non evaluated environmental factors may be more inhibitory for G1/G2 primers performance. The detection of L. kirschneri by PCR was unexpected since it has not previously been described in cases of leptospirosis in Salvador. In addition, there was no corroborating evidence to support a L. kirschneri serovar among the infected rats. L. interrogans serovar Copenhageni is known to be the most common cause of human infection in Salvador, Brazil (Ko et al., 1999; Barocchi et al., 2001 ).
The high rates of leptospiral infection among rats and the predominance of serovar Copenhageni suggests a likely role for the rat in transmission of human leptospirosis via environmental contamination in high risk areas of Salvador. Furthermore, in a previous study we used DNA fingerprinting to show that culture isolates from 32 patients with severe leptospirosis and isolates from five captured rats were identical and were serovar Copenhageni (Barocchi et al., 2001) . Recently, our group demonstrated that, in a slum community of Salvador, members of the same household of an index case of leptospirosis had a 30% prevalence of antileptospiral serum agglutinins (five times more likely to exhibit evidence of prior infection). The household clustering of Leptospira infection in slum communities indicates that the household environment and related factors are important determinants for transmission of urban leptospirosis (Maciel et al. 2008 ). Our present data strongly indicate the role of rats as agents of urban peridomicillary transmission of leptospirosis.
In conclusion, the results presented here support previous studies that identified R. norvegicus as a main reservoir host for serovar Copenhageni strains. R. norvegicus was identified as an important leptospiral reservoir and serovar Copenhageni was dominant. Given the increase in observed carriage rate in rats compared to an earlier study (80 versus 29%), it is possible to speculate that this rise may be involved in the increased prevalence of leptospirosis reported in urban settings. Improvements in diagnosis, both clinical and laboratorial, are likely also important in explaining this increased prevalence. This work demonstrates that leptospirosis reservoirs must be monitored constantly to minimize their impact on the transmission of leptospirosis. Although we could not rule out infection of the patients included in this study at their place of work, the data reported herein suggests that peridomicillary rats are likely to be responsible for the transmission of leptospirosis in such urban settings. This is an example of the results achieved using the PCR analysis (A/B primers) for leptospirosis in the urine of the captured animal reservoirs. The lanes have been marked as positive and negative, with each sample number representing a different animal. For this figure, we used the PhiX174 DNA/Hae III Digest DNA molecular weight marker (1353bp, 1078bp, 872bp, 603bp, 281/272bp, 194bp, 118bp, 72bp) .
